Abstract Background: Predicting recanalization success for patients undergoing endovascular treatment for acute ischemic stroke is of significant interest. Studies have previously correlated the success of recanalization with the density of the clot. We evaluated clot density and its relationship to revascularization success and stroke etiology. Methods: We conducted a retrospective review of 118 patients undergoing intra-arterial therapy for acute ischemic stroke. Mean and maximum thrombus density was measured by drawing a circular region of interest on an axial slice of a noncontrast computed tomography scan. T-tests were used to compare clot density to recanalization success or to stroke etiology, namely large artery atherosclerosis and cardioembolism. Recanalization success was compared in four device groups: aspiration, stent retriever, aspiration and stent retriever, and all other. Results: There was no significant difference in the mean clot density in patients with successful (n ¼ 80) versus unsuccessful recanalization (n ¼ 38, 50.1 AE 7.4 Hounsfield unit (HU) vs. 53 AE 12.7 HU; P ¼ 0.17). Comparing the large artery thromboembolism (n ¼ 35) to the cardioembolic etiology group (n ¼ 56), there was no significant difference in mean clot density (51.5 AE 7.7 HU vs. 49.7 AE 8.5 HU; P ¼ 0.31). A subgroup analysis of middle cerebral artery occlusions (n ¼ 65) showed similar, non-statistically significant differences between groups. There was no difference in the rate of recanalization success in patients with a mean clot density greater than 50 HU or less than 50 HU in each of the four device groups. Conclusions: There was no relationship between clot density and revascularization success or stroke etiology in our study. More research is needed to determine if clot density can predict recanalization rates or indicate etiology.
Background
Significant research is being done into identifying factors that predict recanalization success for patients undergoing endovascular treatment for acute ischemic stroke. Previous studies have suggested that the hyperdense middle cerebral artery (MCA) sign is a common finding when a non-contrast cranial computed tomography (CT) scan is performed within a few hours of stroke symptom onset and may be an indicator of stroke severity and eventual outcome. [1] [2] [3] [4] The hyperdensity of the basilar artery (BA) has also been described in BA occlusion on non-enhanced head CT. 5 The hyperdensity of the vessel of interest corresponds to the clot itself. 2 The density of the clot can be measured on CT imaging. Previous studies have correlated the success of recanalization and stroke etiology with the density of the thrombus on non-enhanced CT scans. [6] [7] [8] [9] In our study, we aimed to determine if thrombus density predicted revascularization success or suggested a specific etiology in acute ischemic stroke patients treated with endovascular therapy at our institution.
Methods

Patient characteristics
Institutional review board approval was obtained for a retrospective review of acute ischemic stroke patient records, and the requirement for individual patient consent was waived. Inclusion criteria for this study were patients with acute ischemic strokes in the internal carotid artery (ICA), MCA, or BA treated with intra-arterial therapy from December 2008 to December 2015. Patients with M2 branch occlusions or poor quality non-contrast CT imaging preventing thrombus evaluation were excluded from the study (n ¼ 23). A total of 118 patients were included in the study.
For each patient, demographic variables and comorbidities, including hypertension, diabetes, atrial fibrillation, coronary artery disease, obesity, and smoking were recorded. Smoking was recorded as a comorbidity for patients who had a history of smoking, but may have quit at the time of the procedure. Obesity was defined as a body mass index greater than 30.
The location of the occluded vessel was identified from the contrast-enhanced CT scan or from the mechanical thrombectomy procedure notes. A T occlusion was defined as a lesion involved the ICA terminus extending into both the A1 and M1. An L occlusion was defined as an occlusion that involved the ICA terminus extending into the M1. Stroke etiology was categorized according to Trial of Org 10172 in Acute Stroke Treatment (TOAST) classification with information from the medical record. 10 Analysis focused on the two main etiologies, large artery atherosclerosis (embolus/thrombosis) and cardioembolism.
Devices and recanalization
Information regarding the type of therapy used to treat the acute ischemic stroke was obtained from the medical record. Devices were categorized into four groups: aspiration only; stent retriever only (e.g. Solitaire, Trevo); combined aspiration and stent retriever (e.g. Solumbra); and other (e.g. stents, angioplasty). Recanalization success was defined as thrombolysis in cerebral infarction (TICI) grade 2 b or greater. TICI grades were recorded from the post-procedure notes or, when not assigned, upon review by an interventional neuroradiology fellow.
Image acquisition and analysis
Non-contrast cranial CT images were obtained using standard stroke protocol imaging at our institution (120 kVp, 210 mA, field of vision 250 mm) and reconstructed into 5 mm slices (image matrix size 512 Â 512, pixel size 0.5 mm). Images were analyzed in our institution's proprietary image archiver and viewer with window level 80 and window width 40. One author drew a circular region of interest (ROI) of approximately 10 mm 2 on a single axial slice of a non-contrast CT, which provides the maximum and mean Hounsfield unit (HU) value for the ROI ( Figure 1 ). ROIs were drawn in the clot of interest as well as an unaffected normal vessel, generally the contralateral vessel (ICA/MCA) or proximal to the clot (BA). When available, contrast-enhanced CT was used to help localize the thrombus. Vessel calcifications were excluded from the ROI. The ratio of clot density to normal vessel density was calculated for both maximum and mean HU values.
Statistical analysis
Data were entered into a Microsoft Excel spreadsheet (Microsoft Corporation, Redmond, Washington, USA). Statistical analysis was performed with JMP (version 10; SAS Institute, Cary, NC, USA). Categorical results are stated as relative frequencies. Continuous results are stated as mean and standard deviation. Student's t-tests were used to compare clot density and recanalization success or stroke etiology. A subgroup of only MCA occlusions was analyzed similarly as well. Since the average mean clot density was approximately 50 in this study, recanalization success was compared between patients with a mean clot density greater than 50 HU, referred to as a dense clot, or less than 50 HU in each device group using Fisher's exact test. Statistical significance was defined as P < 0.05. 
Results
Patient characteristics
A total of 118 patients were included in this study. Patient demographic information, stroke location, and stroke etiology are summarized in Table 1 . Of note, 84% of study patients had ICA and/or MCA occlusions and 16% had BA occlusions; 77% of patients had large artery embolus/thrombosis or cardioembolic etiology of their stroke.
Clot density, recanalization, and stroke etiology
There was no significant difference in the successful recanalization group mean clot density (50.1 AE 7.4 HU) compared to the mean clot density (53 AE 12.7 HU) in the unsuccessful recanalization group (P ¼ 0.17). There was no difference in the maximum clot density in patients with successful (58.1 AE 8.9 HU) or unsuccessful recanalization (61.4 AE 15.2 HU; P ¼ 0.22). Similar non-statistically significant results were found when comparing the mean (P ¼ 0.36) and maximum ratios (P ¼ 0.22) as well. When comparing the large artery to cardioembolic group, there was no significant difference in mean clot density (51.5 AE 7.7 HU vs. 49.7 AE 8.5 HU; P ¼ 0.31) or maximum clot density (60.9 AE 10.1 HU vs. 57.4 AE 8.6 HU; P ¼ 0.09). Comparing the mean (P ¼ 0.51) and maximum ratios (P ¼ 0.31) showed a similar non-statistically significant difference between the two groups. These data are summarized in Table 2 .
Clot density, recanalization, and stroke etiology in MCA subgroup A subgroup analysis was done including only MCA and M1 occlusions. There was no difference in the mean clot density between the successful recanalization (49.2 AE 5.8 HU) and unsuccessful recanalization groups (53.5 AE 17.1 HU; P ¼ 0.37). No difference was found in the maximum clot density between these two groups (57.4 AE 6.9 HU vs. 62.1 AE 22.6 HU; P ¼ 0.46) as well. Similar non-statistically significant results were also found when comparing the mean (P ¼ 0.46) and maximum (P ¼ 0.48) ratios. There was no significant difference in mean clot density (49.8 AE 5.6 HU vs. 48.8 AE 6.4 HU; P ¼ 0.62) or maximum clot density (59.5 AE 8.6 HU vs. 57.2 AE 6.5 HU; P ¼ 0.44) between the large artery and cardioembolism etiology groups. The mean (P ¼ 0.36) and maximum (P ¼ 0.98) showed no difference between the two groups. These data are summarized in Table 3 .
Comparison of recanalization by clot density in device groups
There was no difference in the rate of recanalization success in patients with mean clot density greater than 50 HU or mean clot density less than 50 HU in each of the four device groups. These data are summarized in Table 4 .
Discussion
In this study, we analyzed the relationship of clot density to recanalization rates and stroke etiology in 118 patients undergoing endovascular therapy for acute ischemic stroke. In addition, we studied recanalization rates by device groups. We found no relationship between mean or maximum clot density and recanalization success in the entire patient sample as well as in the MCA subgroup. Mean or maximum clot density was not a predictor of large artery atherosclerosis or cardioembolic stroke etiologies. In each device group, there was no difference in recanalization success in patients with mean clot density greater than 50 HU compared to patients with mean clot density less than 50 HU. The current literature is divided on whether thrombus density is a predictor of successful revascularizations. In a study of BA occlusions only, thrombus density was not correlated to the recanalization rate but was correlated to clinical outcome. 11 In a study of acute MCA occlusions treated with stent retrievers, Yilmaz et al. demonstrated that thrombus attenuation was not a predictor of angiographic revascularization. 12 Our study adds to the growing data that thrombus density is not a reliable predictor of angiographic outcome.
However, these previous results are in disagreement with several recent studies that have shown that clot density was a predictor of revascularization. Moftakhar et al. found that thrombus density on non-contrast CT correlated with the final TICI grade regardless of tissue plasminogen activator treatment or mechanical treatment. 7 In a study of 41 patients, Mokin et al. established that higher absolute thrombus density and thrombus density ratio were strongly predictive of successful recanalization with the Solitaire stent retriever. 8 In a recently published meta-analysis and systematic review, Brinjikji et al. concluded that patients with mean thrombus density of 55.1 AE 3.1 HU had a good angiographic outcome compared to those with a mean thrombus density of 48.9 AE 1.9 HU with a poor angiographic outcome (mean SD 6.5, 95% confidence interval 2.7 to 10.2, P < 0.001). 6 In these studies, treatment modalities and devices differed, which probably affects the revascularization success. More recent papers report study patients treated with newer technology, which may augment the revascularization rate. In addition, the imaging parameters are different across most institutions, including slice thickness, which also plays a role in measuring thrombus density. Finally, studies varied on including anterior circulation versus posterior circulation or both groups in the study. These all limit the generalizability and comparability among the studies discussed above. Based on the current literature and our study, more evidence needs to be available before concluding that thrombus density is a predictor of successful recanalization. When comparing clot density to stroke etiology, a recent meta-analysis concluded there was no association between the hyperdense artery sign and stroke etiology. 6 Our study results are in line with their conclusions, but two of the six studies included individually found an association between the hyperdense artery sign and a cardioembolic etiology. Interestingly, the susceptibility vessel sign on T2-weighted gradient echo imaging has been found to be associated with cardioembolic etiology. 13 Further research is required to determine if imaging characteristics can determine stroke etiology.
Limitations
Our study had several limitations. First, it was a retrospective study with a relatively small sample size (n ¼ 118), which can limit our ability to detect differences between groups. As the patients included in the study spanned over several years, the devices could not be standardized. The ROI selection is somewhat subjective and difficult to standardize throughout the study because it was manually drawn. This adds some variability in the quality of measurement that cannot be taken into account.
Conclusion
In contrast to several other recent studies, we found no relationship between clot density and revascularization success or stroke etiology. In comparing several device groups, no difference was found in revascularization rates between clot densities above 50 HU compared to clot densities below 50 HU. Further research is required to determine definitely if clot density is an accurate predictor of revascularization success in acute ischemic stroke patients.
